In many plants, efflux of organic anions from roots has been proposed as one of the major Al resistance mechanisms. However it remains unknown how plants regulate efflux of organic anions in response to Al. In this study, the regulatory mechanisms of Al-responsive malate efflux in wheat (Triticum aestivum) were characterized focusing on the role of protein phosphorylation. Al-resistant wheat (cv Atlas) initiated malate efflux at 5 min after addition of Al, and this response was sensitive to temperature. K-252a, a broad range inhibitor of protein kinases, effectively blocked the Al-induced malate efflux accompanied with an increased accumulation of Al and intensified Al-induced root growth inhibition. A transient activation of a 48-kD protein kinase and an irreversible repression of a 42-kD protein kinase were observed preceding the initiation of malate efflux, and these changes were canceled by K-252a. Malate efflux was accompanied with a rapid decrease in the contents of organic anions in the root apex, such as citrate, succinate, and malate but with no change in the contents of inorganic anions such as chloride, nitrate, and phosphate. These results suggest that protein phosphorylation is involved in the Al-responsive malate efflux in the wheat root apex and that the organic anion-specific channel might be a terminal target that responds to Al signaling mediated by phosphorylation.
Al constitutes the most abundant metal in the earth's crust. At a low soil pH, solubilized Al ions (mainly in the phytotoxic form of Al 3ϩ ) severely inhibit root elongation. Thus, Al toxicity is a serious problem decreasing plant growth on acid soils around the world. To improve biological production on acid soils with a low-input-manner, studies on the inherent functions of Al-resistance in plants are required for application in breeding and genetic engineering (Matsumoto, 2000) .
One possible mechanism of Al-resistance is proposed as efflux of organic anions from root apexes (Ma, 2000) . Organic anions, such as citrate, can bind Al ions and reduce phytotoxicity (Hue et al., 1986) . Although the types of organic anions differ with the plant species, it has been demonstrated that Alresistant plant species/cultivars can release larger amounts of organic anions than Al-sensitive ones. The major organic anion released in response to Al is malate in wheat (Triticum aestivum) (Delhaize et al., 1993; Ryan et al., 1995) , citrate in leguminous crops (Miyasaka et al., 1991; Ma et al., 1997a; Yang et al., 2000) , and oxalate in buckwheat (Ma et al., 1997b) . A recent molecular approach established that citrate efflux is enhanced by overproduction of citrate in transgenic tobacco or papaya plants (De la Fuente et al., 1997) . However, in genetically Al-resistant plants, organic anion efflux is highly specific to Al. Making a resistant plant, which can release organic anions only in the presence of Al, would be a more preferable strategy in preventing the excess carbon loss.
From the experiments with channel inhibitors or the patch-clamping technique, anion channels on the plasma membrane are suggested to be involved in the Al-responsive efflux of organic anions (Ryan et al., 1995; Papernik and Kochian, 1997; Ryan et al., 1997; Zheng et al., 1998; Piñ eros and Kochian, 2001 ). Nevertheless, the anion channel responsible for permeation of organic anions is still not well characterized, because anion channels described so far pass inorganic anions in preference to organic ones (Hedrich and Marten, 1993; Schmidt and Schroeder, 1994; Frachisse et al., 1999) . Moreover, since there are marked differences in the lag time required for the induction of efflux of organic anion between each plant species (Ma, 2000) , the regulatory mechanism of organic anion efflux in response to Al stress is still lacking.
Protein phosphorylation plays an important role in the regulation of various biological activities in plants (Dixon et al., 1994; Hardie, 1999) . It has also been demonstrated that protein phosphorylation provides a signal transduction pathway for mediat-ing extracellular stimuli into cells (Hirt, 1997) . The mitogen-activated protein (MAP) kinase cascade is one of the major pathways for transmitting signals such as wounding (Usami et al., 1995; Mizoguchi et al., 1996) , pathogen elicitors (Suzuki and Shinshi, 1995) , drought stress (Mizoguchi et al., 1996) , and hormone signaling (Seo et al., 1999) . Recent studies have shown that protein phosphorylation may play a significant role in the regulation of ion channels in guard cells (Pei et al., 1996; Pei et al., 1997; Li et al., 1998) . Activation of ion channels induces simultaneous efflux of K ϩ and anions, resulting in the stomatal closure due to loss of turgor in guard cells. However, the role of protein phosphorylation on Alinduced efflux of organic anions in root cells is still unclear.
In this study, Al-induced malate efflux in wheat was further characterized to clarify the role of protein phosphorylation in Al-resistance mechanisms. Using various inhibitors of protein phosphorylation/dephosphorylation, we demonstrate that the initiation of Al-responsive malate efflux is associated with protein phosphorylation, possibly related to an organic anion-specific channel or its upstream signaling by a K-252a-sensitive protein kinase. We also provide evidence that Al activates a 48-kD MAP-like kinase and inactivates a 42-kD kinase before the induction of malate efflux. A possible role of protein phosphorylation in Al-responsive malate efflux is discussed.
RESULTS

Rapid Malate Efflux in Response to Al
Al rapidly induces malate efflux from root apexes in Al-resistant wheat cultivars. Significant induction is detectable within 15 min (Ryan et al., 1995) . To identify the regulatory system responsible for mediating Al-dependent induction of malate efflux, we further examined the time required for the induction. The solution containing 200 m CaCl 2 with or without 200 m Al was passed through a column containing excised root apexes of cv Atlas at a flow rate of 0.5 mL min Ϫ1 , and the malate concentration in the eluent was monitored.
The malate efflux started to increase 5 min after the addition of Al, and the efflux rate reached a maximum level at 10 min after Al treatment (Fig. 1) . To check the significance of the lag time, we exposed root apexes to 200 m Al for 1 min, and then rinsed three times with CaCl 2 solution for 4 min. This treatment with a pulse of Al was sufficient to induce malate efflux (Fig. 1 ). This result suggested that a 5-min induction period after exposure to Al was prerequisite for malate efflux.
The effect of low temperature on the malate efflux was examined. From Al-resistant (cv Atlas) seedlings grown either at 25°C or 4°C for 24 h, root apexes were excised and exposed to 200 m Al solution at 25°C or 4°C. Treatment with Al at 4°C prevented the induction of malate efflux in root apexes excised from the plants grown at either 4°C or 25°C (Table I ). The drastic change in temperature apparently did not damage the ability of the root to respond to Al since roots pretreated with Al at 4°C were able to release malate in response to Al treatment at 25°C (Table I ). This finding indicated that the initiation of Al-induced malate release was dependent on temperature.
A Protein Kinase Inhibitor Prevents Al-Induced Malate Efflux
Previous findings that a substantial time lag exists between the perception of Al and the initiation of malate efflux prompted us to investigate possible pathways for transmitting Al-signaling. In guard cells, gating of anion channels may be regulated by the modification of protein kinases and/or phosphatases (Pei et al., 1997) . To examine the effect of inhibitors of protein kinases or protein phosphatases on the Al-responsive malate efflux, we treated excised root apexes of cv Atlas with various types of inhibitors for 30 min and then with 200 m Al.
Among the protein kinase inhibitors tested here, K-252a, a broad range inhibitor of protein kinases, strongly prevented the Al-responsive efflux of malate (Table II) . K-252a inhibited malate efflux in a concentration-dependent manner (Fig. 2) . Compared with the control, the decrease of malate efflux was . Root apexes were exposed to the CaϩAl solution for 1 min (ࡗ) followed by three rinses with the Ca solution, and subsequent exposure to the Ca solution at a flow rate of 0.5 mL min Ϫ1 from 5 min after addition of the CaϩAl solution. Eluents passed through root apexes were collected every 1 min and assayed for determination of malate concentration. Treatments replicated three times gave similar results. Data from a representative experiment are shown.
92% in the root apexes pretreated with 10 m K-252a and 62% in those pretreated with 1 m K-252a. This suggested that a K-252a-sensitive protein kinase(s) in the root apex might be involved in the induction of malate efflux by Al. The amount of malate released from root apexes pretreated with 10 m staurosporine, another broad range inhibitor of protein kinases, was 37% less than control. KN-62, a specific inhibitor of animal myosin light chain kinase, and calphostin C and chelerythrine, selective inhibitors of animal protein kinase C, had no effect on Al-dependent malate efflux (Table II) .
Pretreatment of root apexes with 1 m okadaic acid, an inhibitor of protein phospahatase type 1 and 2A, resulted in a slight decrease in Al-dependent malate efflux. Other protein phosphatase inhibitors were tested in this study, microcystin LR and calyculin A, inhibitors of protein phospahatase type 1 and 2A, and cyclosporin A, an inhibitor of protein phosphatase type 2B, did not or only slightly prevented malate efflux (Table II) . These results indicated that protein phosphatases might have a minor role for the induction of malate efflux.
Malate Efflux Confers Al Resistance in Wheat
Complexes between Al and organic anions such as citrate and oxalate can ameliorate the toxicity of Al ions. Compared with citrate and oxalate, malate is suggested to bind to Al less effectively (Hue et al., 1986) . This raises a question as to whether malate efflux is insufficient to explain the Al-resistance mechanism in wheat cultivars (Parker and Pedler, 1998) . To examine the possible role of malate efflux in the Al-resistance mechanism, we asked if inhibition of malate efflux by K-252a would affect Al accumulation in root apexes and on Al-induced inhibition of root growth in cv Atlas.
Pretreatment with K-252a increased the Al content in the root apex of cv Atlas, and the effect of K-252a was concentration-dependent ( Fig. 3) . Without the pretreatment, the amount of Al accumulated in root apexes was 2-fold lower in cv Atlas than in cv Scout, an Al-sensitive wheat. The root apex of cv Atlas pretreated with 10 m K-252a accumulated Al at the same level as the root apex of cv Scout without the pretreatment. This suggested that malate efflux from root apexes contributed to the decrease in the Al accumulation in Al-resistant wheat.
To study the possible role of malate efflux in root elongation in the presence of Al, intact roots of cv Atlas were pretreated with 1 m K-252a for 30 min and then exposed to 200 m CaCl 2 solution contain- Table II . Values are means Ϯ SE (n ϭ 3). Table II . Effect of inhibitors of protein kinases or protein phosphatases on Al-induced malate efflux from root apexes of Al-resistant wheat (cv Atlas) Excised root apexes were pretreated with 200 M CaCl 2 solution (Ca solution) containing or not containing either type of inhibitor and then exposed to the Ca solution containing 200 M Al (pH 4.2) (CaϩAl solution). The highest concentration of each inhibitor tested in the experiment is indicated. Dimethyl sulfoxide concentration in the Ca solution was less than 1%, and dimethyl sulfoxide at this concentration did not inhibit Al-induced malate efflux. After the pretreatment, root apexes were rinsed three times with the Ca solution to remove excess inhibitor. Periods of pretreatment and treatment were 30 min each. Values are means Ϯ SE (n ϭ 3). Since the treatment of roots with 10 m K-252a resulted in a severe inhibition of root elongation even in the absence of Al (in a preliminary experiment), the concentration of K-252a was set to 1 m. In the absence of Al, pretreatment with 1 m K-252a hardly affected root elongation (Fig. 4) . In the presence of 25 or 50 m Al, K-252a promoted the inhibition of root elongation (Fig. 4) . Because K-252a is a broad range protein kinase inhibitor, it could be inhibiting many protein kinases that affect Al-resistance independently from malate efflux. However, pretreatment with 1 m staurosporine, a broad range protein kinase inhibitor, which was less effective in preventing malate efflux than K-252a (Table II) , did not enhance either Al accumulation or Al-induced inhibition of root elongation (data not shown). Thus, K-252a enhanced the accumulation of Al and intensified the Al-induced root growth inhibition, supporting the idea that the malate efflux from the root apex accounted for the Al-resistance in wheat. Furthermore, K-252a-sensitive protein kinase(s) has a key role in the Alresistance mechanism caused by the efflux of malate.
Al Activates 48-kD Protein Kinase
In a number of plants, induction of protein kinase activity by various extracellular stimuli has been demonstrated. Al-responsive malate efflux was under the control of K-252a-sensitive protein kinase(s) (Fig. 2) . To identify the protein kinase(s) involved in Al-responsive malate efflux in the root apex of Alresistant wheat, we investigated the changes in protein kinase activity in the root apexes of cv Atlas immediately after the exposure to Al.
Using in-gel kinase assay with myelin basic protein (MBP) as an artificial substrate, we observed activation of a 48-kD protein kinase in the root apex treated with 200 m Al (Fig. 5, A and B) . Activity of the 48-kD protein kinase was elevated from 0.5 to 5 min after the addition of Al, and it diminished after 5 min. This suggested that transient activation of the 48-kD protein kinase might be involved in the early physiological response to Al. We tested the effect of K-252a on the activation of the 48-kD protein kinase. Excised root apexes of cv Atlas were pretreated with 10 m K-252a for 30 min and then exposed to 200 m Al. Pretreatment of root apex with K-252a inhibited Alinduced activation of the 48-kD protein kinase (Fig.  5C ). This suggested that K-252a-sensitive kinase(s) was a component of the Al-induced 48-kD protein kinase.
In contrast, the activity of a 42-kD protein kinase decreased immediately after addition of Al (Fig. 5A) , and this Al-induced suppression of the 42-kD activity was not observed with pretreatment with K-252a (Fig. 5C ). Since the 42-kD activity was detected without embedding MBP in the gel (data not shown), it appeared that Al decreased the activity of the 42-kD protein kinase due to the decrease in autophosphorylation.
Malate Is Released through Organic AnionSpecific Channel
Protein phosphorylation is proposed to play a significant role in regulating the gating of anion channels in guard cells. In root apexes, the final pathway for the malate efflux is suggested to be the anion channel on the plasma membrane. However, the specific anion channels responsible for malate permeation in wheat are still unidentified. One difficulty in finding malatepermeable channels may be derived from the marked differences in the permeability of anion channels to inorganic and organic anions. For example, malate is suggested to be 10-to 100-fold less permeable than chloride and nitrate. To obtain valid information for the identification of a specific anion channel, we investigated the changes in anion contents of wheat root apexes treated or not treated with Al.
Using capillary ion electrophoresis, we were able to identify several anions in the root apexes of both cv Atlas and cv Scout. In the absence of Al, organic anions detected consistently in root apexes of both cultivars were malate, citrate, and succinate, even though the amount of citrate or succinate was 4-to 10-fold lower than that of malate (Fig. 6) . In cv Atlas, the malate content in the root apex rapidly decreased immediately after addition of Al, and the lowest level was 0.2 nmol apex Ϫ1 after 2 h Al treatment (Fig. 6 ). Simultaneously, contents of both citrate and succinate in the root apex of cv Atlas decreased under Al stress, but the contents of inorganic anions such as chloride, nitrate, and phosphate were unaffected by Al. These results suggested that the pathway, which is specific to organic anions, might be involved in the Al-responsive efflux of malate in Al-resistant wheat.
In Al-sensitive cv Scout, the decrease in the contents of organic anions, especially malate, after exposure to Al was much less than that in cv Atlas (Fig. 6) . Before Al treatment, the contents of most of the anions in cv Scout were slightly less than those in cv Atlas, presumably due to slightly smaller diameter of the root in cv Scout than in cv Atlas. This result suggested that inability of cv Scout in releasing malate in response to Al was not derived from the shortage of malate contents in the root apex. Crude protein extracts from the root apexes were assayed for in-gel kinase activity using MBP as a substrate. B, Forty-eight-kilodalton kinase activity (E, ϪAl; F, ϩAl) was quantified from the intensity of bands on the x-ray-film digitized with an LAS 1000 image analyzer (Fuji-Film, Tokyo). The relative kinase activity was normalized according to a maximum band intensity of the CaϩAl solution at 0.5 min. C, K-252a blocked Al-induced activation of 48-kD kinase and Al-induced inactivation of 42-kD kinase. Excised root apexes of Al-resistant wheat (cv Atlas) were pretreated with the Ca solution without (ϪK-252a) or with 10 M K-252a (ϩK-252a) for 30 min. After the K-252a treatment, root apexes were rinsed three times with the Ca solution to remove excess K-252a and then exposed to the CaϩAl solution at indicated times. Crude protein extracts from the root apex were assayed for in-gel kinase activity using MBP as a substrate. Figure 6 . Effect of Al on anion contents in root apexes of Al-resistant (E, F; cv Atlas) and Al-sensitive (‚, OE; cv Scout) wheat. Excised root apexes were exposed to the Ca solution (E, ‚) or CaϩAl solution (F, OE). The solution was renewed every 1 h when the treatment period exceeded 1 h. After the treatment, root apexes were rinsed three times with water to remove excess treatment solution. Anions in the roots were extracted in 80% (v/v) ethanol and separated by the capillary ion electrophoresis system. Values are means Ϯ SE (n ϭ 3).
DISCUSSION
In many plants, the efflux of organic anions has been proposed as an Al-resistance mechanism. However, it is still not clear how the efflux of organic anions in response to Al is controlled in the plant. In this study, we focused our attention on the role of protein phosphorylation in the regulatory mechanism of Al-responsive malate efflux. K-252a, an inhibitor of protein kinases, effectively blocked Alresponsive malate efflux. Inhibition of malate efflux by K-252a was further supported by the promotion of Al accumulation and the intensification of Alinduced root-growth inhibition by K-252a. Activation of 48-kD protein kinase was observed preceding the initiation of malate efflux, and pretreatment of the root apexes with K-252a canceled this activation.
Our findings indicated that protein phosphorylation may be required for the signal transduction in Al-activated malate efflux. Existence of a significant time lag (Fig. 1) and requirement of temperature (Table I) for the induction of malate efflux imply that metabolic activity is necessary for the response. Although results from inhibitor studies need to be interpreted with caution, our results show that K-252a causes a specific, dose-dependent inhibition of malate efflux (Fig. 2) . Roots of cv Atlas pretreated with K-252a showed increased sensitivity to Al, as indicated by the enhanced accumulation of Al (Fig. 3) and intensified Al-dependent inhibition of root elongation (Fig. 4) . In contrast, pretreatment with staurosporine, which had less inhibitory effect on malate efflux (Table II) , did not enhance either Al accumulation or Al-induced inhibition of root elongation (data not shown). These differences in the effects of broad range protein kinase inhibitors on the Al resistance indicate that protein kinase(s) specific for K-252a may play a significant role in the metabolic pathway for malate release. Because K-252a inhibits broad range of protein kinases, one may speculate whether increased Al accumulation was due to the repression of malate efflux or other Al exclusion mechanisms that are sensitive to K-252a. Although a question is still remaining whether malate efflux is fully accountable for the decrease in Al accumulation, the present results suggest the possibility that phosphorylation-dependent malate efflux is able to decrease the Al accumulation and to restrain Alinduced root growth inhibition. In plants, to our knowledge, this is the first indication that protein phosphorylation is requisite for the release of organic anions in response to Al.
It is possible that the protein phosphorylation plays a key role in some process involved in the transmission of the primal recognition of Al to the final release of malate, although we could not identify the specific pathway associated with malate efflux. Previous studies demonstrated that an anion channel on the plasma membrane may act as a final step of Al-dependent release of organic anions. Anion channel blockers such as niflumic acid and anthracene-9-carboxylic acid can inhibit the efflux of organic anions from root apex of wheat (Ryan et al., 1995; Papernik and Kochian, 1997) and buckwheat (Zheng et al., 1998) . A patch-clamp study showed that the slow-type anion channel on the plasma membrane is activated by Al 3ϩ not by La 3ϩ in wheat (Ryan et al., 1997) . Piñ eros and Kochian (2001) recently characterized an Al-activated anion channel in maize root cells by excised membrane patch techniques, indicating that machinery required for Al-dependent activation of the anion channel is localized to the plasma membrane. In guard cells, protein kinases could play a significant role in the regulation of ion channels by phosphorylation. Gating of anion channels in tobacco cells could be modulated by phosphorylation (Zimmermann et al., 1994) . A Ca 2ϩ -dependent protein kinase may be involved in the pathway of the activation of Cl Ϫ channel (Pei et al., 1996) or K ϩ channel (Li et al., 1998) . Pei et al. (1997) found that abscisic acid-induced activation of anion channel is under the control of K-252a-sensitive protein kinases. In the present study, K-252a-sensitive protein kinase might be involved in a direct phosphorylation of an anion channel or phosphorylation of upstream protein(s), which finally leads to the regulation of channel activity.
We found that Al transiently activates a protein kinase quickly enough to precede the initiation of malate efflux. This protein kinase had a molecular mass of 48 kD and phosphorylated MBP, indicating that this protein kinase may be categorized in MAP kinase group. MAP kinase is known to respond to various stimuli, such as salt, drought, hormone, and pathogen infection (Suzuki and Shinshi, 1995; Mizoguchi et al., 1996; Seo et al., 1999) . MAP kinase is also activated by mechanical stress and wounding (Usami et al., 1995; Mizoguchi et al., 1996) . Hirt (1997) speculated that the difference in the induction level or the time of activation of MAP kinase according to various stimuli may lead to the difference in the subsequent pathway. Our results showed that the activity of the 48-kD kinase was approximately 10-fold higher after the treatment with Al than without Al, and the Al-induced activation was lost within 5 min (Fig. 5, A and B) , which was fairly rapid compared with the changes in wounding-activated MAP kinases (Usami et al., 1995; Mizoguchi et al., 1996) . This rapid disappearance in the activity suggested that activation of 48-kD kinase in response to Al might be discriminated from that in response to other stimuli. Three consecutive phosphorylation reactions in the MAP kinase cascade result in the activation of MAP kinase (Hirt, 1997; Hardie, 1999) . In this study, the 48-kD protein kinase activity was sensitive to pretreatment with K-252a (Fig. 5C) , suggesting that the transduction of the Al signal might involve upstream K-252a-sensitive protein kinase(s) that activate the 48-kD protein kinase. In yeast, expression of a MAP kinase gene complemented Al tolerance in an Al-sensitive mutant, indicating that the MAP kinase may be associated with the expression of physiological responses involved in Al-resistance (Schott and Gardner, 1997). Although it remains unknown whether the 48-kD protein kinase is directly involved in the pathway for malate efflux, it appears that this 48-kD MAP-like kinase plays a significant role in the transduction of the Al signal to express some physiological responses in the root apex of Al-resistant wheat.
Although there was significant difference in the repression level between individual experiments, the acute decrease in the 42-kD protein kinase activity induced by Al was consistent (Fig. 5, A and C) . Since the 42-kD activity was detected in the absence of the substrate MBP in the gel (data not shown), activity of this 42-kD protein kinase would be due to autophosphorylation. As inactivation of the 42-kD kinase was quick enough to precede the malate efflux, we could not rule out the possibility that this kinase might negatively regulated the malate efflux. One possibility is that Al might affect upstream K-252a-sensitive kinase(s), which modulate the 42-kD protein kinase activity. Further research is required to determine whether modulation of the 42-kD kinase activity might be a trigger for Al-responsive malate release.
The final regulatory mechanism of malate efflux could be related to the permeability of the plasma membrane. To specify the channels that account for the permeation of malate in cells of root apexes, we examined the movement of anions in the root apex. We found that root apexes of Al-resistant wheat cv Atlas lost organic anions, citrate, and succinate as well as malate, immediately after exposure to Al (Fig.  6) . However, inorganic anions such as chloride, nitrate, and phosphate were maintained at almost a constant level irrespective of Al. Anion channels in plants have specific permeability for each anion. In guard cells or hypocotyl cells, the permeability of anion channels for malate is 4-to 10-fold less than that for Cl Ϫ , and 40-to 100-fold less than that for NO 3 Ϫ (Hedrich and Marten, 1993; Schmidt and Schroeder, 1994; Frachisse et al., 1999) . These findings sharply contrast with the present findings demonstrating the Al-specific induction of the release of organic anions from the roots of an Al-resistant cultivar. In guard cells, extracellular malate is speculated to work as a positive-feedback regulator for malate efflux through anion channels for droughtinduced stomatal closing (Hedrich and Marten, 1993; Schroeder, 1995) . However, in root apexes, it is unlikely that extracellular malate serves as a regulator for anion channel opening, since the released malate easily combines with extracellular Al 3ϩ , and Almalate complex might not trigger further malate efflux. Anions are suggested to easily pass through activated anion channels depending on the anion gradient between the inside and outside of the cell and the negative membrane potential (Hedrich and Marten, 1993) . Since the rapid decrease in organic anion contents are paralleled with the release in response to Al, we propose that malate may be released through an anion channel or a transporter specific for organic anions in root apex of Al-resistant wheat.
In this study, we showed that malate efflux started 5 min after the addition of Al. It is most likely that malate efflux in wheat is one of the earliest responses to Al. In plants, there is little research on Al signaling mediated by second messengers. Jones and Kochian (1995) showed that Al inhibited the inositol 1,4,5-triphosphate pathway in an Al-sensitive cultivar of wheat. Al-induced depolarization of the cell membrane in wheat root apex is not fully accountable for the induction of malate efflux (Papernik and Kochian, 1997 ). An increase in cytoplasmic Ca 2ϩ level in wheat root apexes may be related to the expression of Al toxicity (Zhang and Rengel, 1999) . In the present study, we provided new evidence suggesting that protein phosphorylation is required for the malate efflux and that malate might be passed through organic anion-specific channels. Because of its specificity to Al and rapidness, Al-induced malate efflux is a useful system for studying how the Al signal is transmitted into the cell that expresses physiological responses underlying Al-toxicity or tolerance.
In conclusion, we obtained findings indicating that protein phosphorylation is involved in Al-dependent malate efflux in wheat. For determination of the transduction of the Al-signal participating in the release of organic anions, further research is needed to identify the proteins associated with signal transduction and the anion channel functioning in the malate efflux.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
Two wheat (Triticum aestivum) cultivars (cv Atlas 66, an Al-resistant cultivar, and cv Scout 66, an Al-sensitive cultivar) were used. Seeds were surface-sterilized for 20 min in a 0.5% (v/v) sodium hypochlorite solution and placed on wet filter paper. Seeds were kept in the dark in a cold room for 2 to 6 d to germinate. The germinated seeds were transferred to a plastic mesh placed on a 0.5 mm CaCl 2 solution (pH 4.5) in a black 5-L plastic container. The seedlings, which were grown for an additional 2 to 3 d in a growth chamber under a photon flux density of 150 mol m Ϫ2 s Ϫ1 (14 h/10 h, light/dark) at 25°C, were used for the following experiments.
Determination of Malate Efflux
The amounts of malate released from root apexes were determined according to the method of Ryan et al. (1995) with minor modification. From roots placed in a Petri dish containing 200 m CaCl 2 solution at pH 4.5 (referred to as the Ca solution in this study), 2-mm root apexes were excised with a razor blade. Forty root apexes for each measurement in three independent replicates were transferred into a 3.5 cm Petri dish and washed three times with the Ca solution to remove any malate derived from the cutting injury. During the treatment, the dishes were placed on a reciprocal shaker (80 rpm). After 30 min, the solution was collected for malate analysis. For the inhibitor experiment, root apexes were pretreated for 30 min in the 3.5-cm Petri dish containing 1.0 mL of the Ca solution with or without inhibitor.
Al treatment was started by addition of 1.0 mL of the Ca solution or the solution containing 200 m CaCl 2 and 200 m Al (referred to as the CaϩAl solution in this study). As the exiting form of Al in solution is very complex, it is difficult to distinguish Al 3ϩ from other phytotoxic forms of Al, such as Al (OH) 2ϩ , Al(OH 2 ) ϩ , and polymer Al 13 . However, Al 3ϩ dominates in solution at pH less than 5.0 and is likely to be the most phytotoxic species (Kinraide, 1991) . In our experimental condition, Al 3ϩ is considered to be the most dominant ion, since CaϩAl solution was prepared using 20 mm AlCl 3 stock solution, and adjusted to pH 4.2 by addition of only 0.1 n HCl to minimize the formation of other phytotoxic species.
To determine an initiation time of malate efflux, we used the following measurement system. Root apexes (200 for each measurement) were placed in a column and through which the Ca solution was continually passed at a flow rate of 0.5 mL min Ϫ1 . After subtracting the Ca solution, the CaϩAl solution was applied from the top and the eluent was collected from the bottom at a flow rate of 0.5 mL min Ϫ1 . Root apexes were stirred continuously with a plastic rod.
Malate concentration was determined enzymatically as described previously (Delhaize et al., 1993) , according to the procedure of Gutmann and Wahlefeld (1974) .
Determination of Al in Root Apexes
The root apexes, which were excised after Al treatment, were washed three times with the Ca solution. Then, 40 root apexes were placed in a microcentrifuge tube (1.5 mL) containing 1.0 mL of 2 n HCl. The tubes were mixed with an orbital shaker at 10 rpm for 24 h to release Al from the root apexes. The Al concentration in the HCl solution after dilution was determined by graphite furnace atomic absorption spectrophotometry (model Z-9000, Hitachi, Tokyo).
Determination of Anions in Root Apexes
Excised root apexes were washed three times with distilled water, placed in an 80% (v/v) ethanol solution in a microcentrifuge tube, and boiled for 5 min at 80°C. The root apexes were ground using a microhomogenizer (model NS-310E, Nitto, Tokyo), and centrifuged for 5 min at 10,000g. After collecting the supernatant, the pellet was re-extracted twice by the same procedure. The supernatant of three replicates were mixed, freeze-dried to remove excess reagent, and reconstituted in 100 L of ultra pure water. Reconstituted samples were filtered on 0.45-m sterilized filters (Millipore, Tokyo), and used for analysis of anions.
Capillary ion electrophoresis was performed with a PACE 5510 system (Beckman Instruments, Fullerton, CA) equipped with UV detector (254 nm). Anions in the solution were separated in a fused silica capillary (81 cm long ϫ 75 m i.d.; Beckman, CA) with a carrier electrolyte at a constant voltage of a Ϫ20 kV. The carrier electrolyte was 5.0 mm 2,6-pyridinedicarboxylic acid, and 2.5% (v/v) CIAPak OFM-Anion BT (Waters, Milford, MA) at pH 6.4. Samples were injected by pressure (5 psi s Ϫ1 ) into a capillary at 20°C. Prior to inject samples, the capillary was rinsed with 0.1 n NaOH and then with water each for 3 min before equilibration with the carrier electrolyte for 5 min.
Protein Extraction
Excised root apexes (100 for each treatment) were collected and suspended in 1.0 mL of the Ca or CaϩAl solution (pH 4.2) in a microcentrifuge tube. The tubes were inverted occasionally by hand. The treatment was terminated by the subtraction of the solution by aspiration. Root apexes in the tubes were quickly frozen in liquid nitrogen and stored at Ϫ80°C until use.
To prepare the crude extracts from the root apexes, we homogenized the sample using a plastic pestle in 2 volumes (w/v) of extraction buffer containing 50 mm HEPES-KOH, pH 7.5, 5 mm EDTA, 5 mm EGTA, 2 mm dithiothreitol, 50 mm glycerophosphate, 10 mm Na 3 VO 3 , 10 mm NaF, 1 mm phenylmethylsulfonyl fluoride, 5 g mL Ϫ1 leupeptin and antipain, and 10% (v/v) glycerol. The homogenates were centrifuged at 10,000g for 15 min at 4°C. Supernatants were used for the detection of in-gel kinase activity. The protein concentration in the supernatant was determined using a protein assay kit (Bio-Rad Laboratories, Hercules, CA).
Assay of In-Gel Kinase Activity
The assay of in-gel kinase assay was performed as described previously (Suzuki and Shinshi, 1995; Usami et al., 1995) . To be brief, 20 g of total protein per each lane was separated on 12.5% (w/v) SDS-polyacrylamide gel containing 0.25 mg mL Ϫ1 MBP embedded in running gels. After electrophoresis, SDS was removed by washing twice in buffer A (50 mm pH 8.0, 20% [v/v] 2-propanol) followed by washing twice in buffer B (50 mm Tris-HCl, pH 8.0, 5 mm 2-mercaptoethanol), each for 30 min at room temperature. The proteins in the gel were allowed to denature in buffer C (50 mm Tris-HCl, pH 8.0, 5 mm 2-mercaptoethanol, 6 m guanidine hydrochloride) for 1 h at room temperature and then overnight in buffer D (50 mm Tris-HCl, pH 8.0, 5 mm 2-mercaptoethanol, 0.05% [v/v] Tween 20) at 4°C.
The gel was incubated twice in buffer E (40 mm Tris-HCl, pH 8.0, 50 mm NaCl, 20 mm KCl, 10 mm MgCl 2 , 0.1 mm EGTA, 2 mm dithiothreitol) each for 30 min at room tem-
